This study investigated the removal of Sb(III) and Sb(V) from aqueous media through their adsorption onto oxide minerals (goethite) under a set of conditions (initial Sb concentration, pH, reaction time, and interaction temperature). The kinetic studies suggested that the adsorption equilibriums for both Sb(III) and Sb(V) were achieved within 24 h. The adsorption data collected at three different temperatures were successfully modeled using both the Langmuir and Freundlich isotherms. The adsorption of Sb(III) onto goethite was greater than that of Sb(V) at the three investigated temperatures. The thermodynamic parameters (ΔG W , ΔH W , and ΔS W ) were calculated from the dependence of the adsorption process on the reaction temperature, and the calculated parameters suggest that the adsorption of both Sb(III) and Sb(V) onto goethite is spontaneously endothermic. The adsorption of Sb(III) and Sb(V) on goethite was dependent on pH within the investigated pH range.
INTRODUCTION
Antimony (Sb) is a naturally occurring toxic element, and approximately 140,000 tons of Sb are mined annually and utilized in many different industrial products, primarily as Sb(III) in flame retardants and as its elemental form in alloys for the storage of batteries and ammunition (Filella et al. a, b) . Considerable concern has been expressed regarding the increasing levels of Sb pollution in the environment, which primarily occur due to anthropogenic activities and the extensive use of Sb compounds. The In environmental samples, antimony is found in two oxidation states, Sb(III) and Sb(V). The toxicity of inorganic Sb is assumed to be similar to that of As and also depends on its oxidation state; Sb(III) is approximately 10 times more toxic than Sb(V) (Krachler et al. ) . Both Sb(III) and Sb(V) ions easily hydrate in aqueous solution; therefore, it is difficult for the Sb ion to exist as free Sb 3þ and Sb 5þ ions. In the pH range of 2-11, Sb(III) should exist as a neutral complex, Sb(OH) 3 ,
whereas Sb(V) should form a negatively charged complex, Sb(OH) 6 À (Filella et al. b; Buschmann & Sigg ;
Watkins et al. ).
Adsorption is one of the most effective and economical techniques used to remove heavy metals from water. The adsorption process immobilizes the contaminants and separates them from the aqueous phase; furthermore, the contaminant-loaded adsorbent can be safely discarded, or the contaminant could be recovered. The present work was undertaken to explore the feasibility of using goethite as an adsorbent for removing Sb(III) and Sb(V) from aqueous solution in a single-batch system by adsorption under various environmental conditions.
MATERIALS AND METHODS

Reagents and materials
All chemicals used in this study were of analytical grade or higher and used without further purification. Doubledistilled water was used throughout the study. All samples were analyzed within 2 days of completing each test. All experiments were performed in duplicate.
The goethite used in this study was obtained from Sigma-Aldrich. The specific surface area of the goethite was determined to be 13.5 m 2 /g using the BET (BrunauerEmmet-Teller) method with N 2 . The point of zero charge (pH zpc ) was determined to be 6 using the acid-base titration method at different ionic strengths. 
Kinetic experiment of adsorption
Adsorption of Sb as a function of pH
The batch adsorption of Sb(III) and Sb(V) under different pH conditions was examined by shaking goethite suspensions in 50 mL polythene centrifuge tubes that contained 500 mg of goethite in 20 mL of 1 mg/L Sb for 24 h.
The pH of the suspension was adjusted with 0.1 M NaOH/HNO 3 after adding the 1 mg/L Sb solution. The ionic strength was maintained by adding Ca(NO 3 ) 2 . After the 24 h reaction period, the tubes were centrifuged and filtered.
Analytical methods
The pH of the solutions was measured using a basic PB-10 pH meter (Sartorius, Germany) that was calibrated using McComb et al. ). As shown in Figure 1 , the 24-h shaking time is sufficient to achieve Sb adsorption equilibrium. In the following adsorption experiments, 24 h of shaking time was selected to achieve the adsorption equilibrium.
Adsorption isotherms
The adsorption isotherms of Sb(III) and Sb(V) on goethite were obtained with initial Sb(III) and Sb(V) concentrations from 0.05 to 3 mg/L at pH 6 and at 278, 298, and 323 K (Figure 2 ). The experimental adsorption data were fitted by the Langmuir isotherm model and the Freundlich isotherm 
where C e is the equilibrium concentration of the absorbate Freundlich equation is an empirical adsorption model that can be expressed as:
where q e and C e are the same as previously defined, K is Freundlich's constant related to the sorption capacity, and 1/n is considered to be a relative indicator of the adsorption intensity. The linear form of the Freundlich equation is expressed as:
Both the Langmuir and Freundlich adsorption equations can be linearized to obtain the parameters from experimental data. The related data are listed in Table 1 .
High regression coefficients (>0.986) for all cases revealed that both models fitted the adsorption of Sb(III) and Sb(V) on goethite well.
The maximum adsorption capacity (Q 0 ) was calculated by fitting the Langmuir-type equation to the adsorption isotherms. The values of Q 0 were different at the three temperatures for both Sb(III) and Sb(V) ( Table 1 ). According to the assumption of the Langmuir model, the maximum adsorption capacity (Q 0 ) should be a temperatureindependent constant that is supposed to represent a fixed number of surface sites. The Langmuir model exhibits the Effect of pH Figure 3 shows the adsorption of Sb(III) and Sb(V) on goethite as a function of pH. The adsorption of Sb(III) on goethite is weakly dependent on pH and slowly decreased from pH 3.6 to 6.2 and rapidly decreased from pH 6.2 to 9.2. A similar observation for the adsorption of As(III) on goethite between pH 5 and 8 has been reported by others (Giménez et al. ) . Very little information exists on the 
Thermodynamic parameters
The adsorption of Sb(III) and Sb(V) on goethite as a function of temperature was investigated at three temperatures.
The standard enthalpy (ΔH W ) and standard entropy changes (ΔS W ) can be calculated from the slope and intercept of the plot of lnK d vs. 1/T (Figure 4 ) using the following equation:
The Gibbs free energy (ΔG W ) of adsorption can be calculated from the following equation:
where R (8.3145 J/mol K) is the ideal gas constant and T (K)
is the temperature (Xu et al. ) . The data calculated from
Equations (5) and (6) 
